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Edited by Takashi GojoboriAbstract The rat and mouse amylase gene families were char-
acterized using sequence data from the UCSC genome assembly.
We found that the rat genome contains one amylase-1 and two
amylase-2 genes, lying close to one another on the same chromo-
some. Detailed analysis revealed at least six additional amylase
pseudogenes in the rat genome in the region adjacent to the amy-
lase-2 genes. In contrast, the mouse has one amylase-1 gene and
ﬁve amylase-2 genes; the latter are tandemly and systematically
arranged on the same chromosome and were generated by seg-
mental duplication. Detailed analysis revealed that the mouse
has two amylase pseudogenes, located 5 0 to the ﬁve amylase-2
segments. Thus, the amylase genes of mouse and rat tend to be
ampliﬁed; the sequences of some of them are ﬁxed while others
have become pseudogenes during evolution. This is the second re-
port of amylase genomic organization in mammals and the ﬁrst
in the rodents.
 2006 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Various genomic duplication events have created new genes
and new gene families, and therefore these events are thought
to be a powerful driver of evolution. A wide range of studies
on multigene families has been performed at the empirical
and theoretical levels over the past several years [1–8]. The
members of a multigene family evolve together as a unit by
gene conversion or unequal crossing over, or both [9,10]. This
type of evolution has been observed for ribosomal genes, small
nuclear RNA genes, and globin genes [1,2,4,11]. In contrast, a
birth-and-death model for the evolution of multigene families
has also been proposed [12]. In this model, the members of
multigene families evolve independently through the frequent
duplication and loss of genes. This model ﬁts the process
observed in the evolution of large multigene families, such as
the major histocompatibility complex (MHC) and immunoglo-
bin (Ig) families [13], as well as of smaller multigene families,
such as the ubiquitins [14].
These multigene families, created by either process, have dif-
ferent copy numbers in various organisms. For example, for
the b-globin locus, the number of globin-originated genes is*Fax: +81 6 6977 1922.
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doi:10.1016/j.febslet.2006.12.0395, 4, 3, 4, and 9 in human, mouse, rabbit, galago, and goat,
respectively [15]. The family of Hox genes, which number 4
(platyhelminth) to 48 (teleost ﬁsh) per genome, is one of the
most investigated genes with regard to gene duplication. Mam-
mals (mouse, human), Cephalochordates, Sea urchin, Nema-
toda, and Fruit ﬂies have 39, 14, 11, 6, and 10 Hox genes,
respectively [16]. Recent sequence data from various genome
projects has documented the number of olfactory receptor
(OR) genes in many vertebrate species [17]. The present data
show that rodents have the most OR genes (rat, 1201 [18];
mouse, 1037 [19]) followed by dogs (872 [18]). Human [20],
chicken, frog, puﬀerﬁsh, and zebraﬁsh have 388, 82, 410, 44,
and 102 OR genes, respectively [21]. Very recently, the number
of genes for taste receptor T2R, which is associated with the
sweet and umami tastes [22,23], was determined in human
(25), mouse (35), rat (37), dog (15), cow (12), opossum (26),
chicken (3), frog (49), puﬀerﬁsh (4), and zebraﬁsh (4) [24]. In
most mammals including the prosimians, a single three gene
encodes pituitary growth hormone (GH) [25], whereas from
ﬁve (human) to eight (marmoset) GH-related genes have been
described in anthropoids [26]. This recent ampliﬁcation of GH
genes is of interest for studies of anthropoid evolution.
The enzyme amylase is essential for digestive processes in
which food starch is hydrolyzed into maltose and glucose,
and thus its function is very important in eukaryotes. Among
eukaryotes, a variety of genomic structures have been found
for the amylase gene family. Among Drosophila species, the
number of amylase gene family members varies from two to
seven [27–34]. In vertebrates, the genomic organization and
chromosomal location of the amylase genes have been deter-
mined only for the chicken and human [35–41]. The chicken
genome contains two distinct amylase loci; one is expressed
in the pancreas and the other in the liver. The pancreatic locus
contains a truncated pseudogene arranged in a tail-to-tail con-
ﬁguration with a complete gene. In the hepatic locus, the func-
tional gene and a pseudogene are arranged in tandem [35]. A
particularly detailed study of the human amylase gene cluster
has been ongoing for a dozen or more years. The human amy-
lase gene cluster spans 230 kb on human chromosome 1 [41].
In this region, two pancreatic genes (Amy2A and Amy2B)
and three salivary genes (Amy1A, Amy1B, and Amy1C) are
arranged. Except for Amy1B, all these amylase genes have
the same orientation [41]. The 5 0 region of all ﬁve human amy-
lase genes contains gamma actin pseudogenes, indicating that
segmental duplication of all the human amylase genes oc-
curred. Moreover, intact endogenous retroviruses are inserted
into the 5 0-actin pseudogene of the three salivary amylase
genes (Amy1A, Amy1B, and Amy1C), strongly indicating that
further segmental duplication occurred after the duplicationblished by Elsevier B.V. All rights reserved.
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insertions caused the salivary-speciﬁc expression of the three
Amy1s [42]. Although the detailed genomic organization has
not been determined, the chimpanzee has two pancreatic amy-
lase genes (Amy2A and Amy2B) and only one salivary amylase
gene (Amy1A) [41]. Thus, Amy1A was triplicated after the
divergence of chimpanzees and humans (5 million years
ago).
Over the past few years, the mouse [43] and rat [44] genomic
sequences were determined and published consecutively, and
the mouse was reported to have six amylase-2 genes, which are
tandemly duplicated on the same chromosome [45]. Here, we
extend the available information about amylase genes from
human and chicken to include an analysis and detailed compar-
ison of the genomic organization of the rat and mouse amylase
genes.2. Materials and methods
2.1. Sequence sources
The sequences of the mouse and rat amylase genomic loci were taken
from the public draft assemblies at the UCSC genome database (http://
genome.ucsc.edu/), released Feb 2006 (mouse) and Nov 2004 (rat). The
genomic DNA sources of the mouse and rat UCSC genome databases
were C57BL/6 and Brown Norway, respectively. GigAssembler [46]
was used to assemble the initial sequences into a contiguous sequence
in the UCSC genome database.
2.2. Bioinformatics tools
Evolutionary tree: The amino acid sequences of amylase or nucleic
acid sequences of the genomic regions of the amylase genes were
aligned by multi-sequence Clustal X analysis (http://workshop.molecu-
larevolution.org/software/clustalx/). Evolutionary trees were obtained
by NJ analysis (1000 bootstraps).
Comparisons of genomic regions: The genomic regions of the amylase
genes of mouse and rat were compared using the PipMaker program
(http://pipmaker.bx.psu.edu/pipmaker/) [47]. The repeats were un-
masked with the Repeat Masker program (http://www.repeatmas-
ker.org/).3. Results
3.1. Comparison of the organization of mouse and rat amylase
gene clusters
To compare the amylase gene clusters between mouse and
rat, we retrieved the genomic sequences of the mouse and ratmAmy2-1 mAmy2-3mAmy2-2
rAmy2-1 rAmy2
Fig. 1. Summary of the comparative genomic organization of the amylase lo
delineate the length and position of the amylase-1, amylase-2, and pseudo am
(mAmy2-2–mAmy2-6) indicate segments that have high homology with eachamylase gene clusters using the UCSC Genome Browser
(http://genome.ucsc.edu/). In both animals, amylase-1
(Amy1) and amylase-2 (Amy2) were located close to one
another on the chromosome and showed genomic synteny.
Amy1 and Amy2 were found between Stxbp3 (syntaxin-bind-
ing protein 3 isoform 2: mouse chr3: 108611468–108658790;
rat chr2: 204358308–204402142) and Olfm3 (olfactomedin 3
isoform B: mouse chr3: 211085902–211127076; rat chr2:
212240408–212260130) in mouse and rat, also indicating geno-
mic synteny between these regions.
The Amy2 genes of the two species show 94.2% identity on
average (nucleic acid level) and both have 10 exons, which cor-
respond with each other. However, the number of mouse and
rat Amy2 (mAmy2, rAmy2) genes was diﬀerent. The rat has
two rAmy2 genes, whereas the number of mouse mAmy2
genes has grown to ﬁve (Fig. 1).
3.2. Evolutionary aspects of the mouse and rat amylase genes
The evolutionary relationship among all the amylase genes
in mouse and rat is displayed in Fig. 2. The evolutionary tree
revealed that the ancestral amylase was duplicated to produce
Amy1 and Amy2. After the split of mice and rats, 12–24 mil-
lion years ago [43], the Amy1 and Amy2 of both animals
became diversiﬁed independently. In contrast, the ﬁve mouse
Amy2s have high similarity with each other, (over 99.9% iden-
tity on average at the amino acid level). This strongly suggests
that the ampliﬁcation of the mouse Amy2s was a very recent
event during mouse evolution.
3.3. Comparison of the mouse amylase genomic regions
Because the amino acid sequence of all ﬁve mouse Amy2s
(mAmy2-2–mAmy2-6, Supplementary data 2–6) is highly con-
served, we compared the genomic sequences of all the mAmy2
gene regions with each other. A detailed analysis of the repeat
sequences in these regions using the Repeat Masker program
(http://www.repeatmasker.org/) revealed that each of the ﬁve
neighboring mAmy2 genes is separated into regions comprised
of very similar repeated components and arrangements. The
results are shown in Fig. 3. The ﬁve aligned mAmy2 segments
(mAmy2-2–mAmy2-6) correspond to the same segments in
Fig. 1. The ﬁve segments from mAmy2-2–mAmy2-6 are
arranged in tandem, without gaps or internal sequences. In
the region 5 0 upstream of the mAmy2-2 segment, there is no
repeat element, although repeat elements are found within50kb
mAmy2-4 mAmy2-5 mAmy2-6 mAmy1
rAmy1-2
cus between the rat (A) and mouse (B). White, black, and gray arrows
ylase-2 genes, respectively. The ﬁve brackets under the mAmy2 genes
other (over 98% nucleic acid identity).
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Fig. 2. Phylogenetic tree of rat and mouse amylase (mAmy, mouse
amylase; rAmy, rat amylase). The phylogenetic tree was created using
amino acid sequences. The numbers on the labeled branches are
percentages calculated from 1000 bootstrap replicates. The scale bar
equals a distance of 0.01.
H. Sugino / FEBS Letters 581 (2007) 355–360 357the ﬁve segments (mAmy2-2–mAmy2-6) and in sequences
homologous to the segments. The 3 0 downstream region of
the mAmy2-6 segment lacks an LTR or LINE1 element, which
is located inside the other four segments. Thus, the classiﬁca-
tion of these ﬁve segments is appropriate. The intron length
and intron content are almost the same among the ﬁve dupli-
cates (mAmy2-2–mAmy2-6) (Fig. 3).
Four segments (mAmy2-2–mAmy2-5) show paralogous
identity over the entire extent of their 5 0–3 0 ends (over 99% nu-
cleic acid identity on average). The mAmy2-6 segment also has
high homology with the other four segments, but contains an
additional 9036-bp insertion, and the 3 0 retrotransposon-rich
region is truncated (Fig. 3). Thus, we made a phylogenetic tree
of the genomic sequences of mAmy2-2–mAmy2-6 and mAmy1
(from ATG to the TGA stop including the intron sequences)
(Fig. 4). This tree also revealed that the ﬁve mAmy2s, and
especially four of them (mAmy2-2–mAmy2-5), arose by a re-
cent ampliﬁcation event in mouse evolution.
The 5 0-untranslated regions (the 3 0 downstream regions of
the ﬁnal exon) and 3 0 untranslated regions (the 5 0 upstream
regions of the ﬁrst exon) of the four segments were shared
by retrotransposons, which showed an average of 74% andI          II   II   I     I I       I I 
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Fig. 3. PipMaker plots of the one mAmy1 and ﬁve mAmy2 genes and ﬂankin
exons indicate their orientations. The nucleic acid position of the segments
segments are directly connected with each other. The nucleic acid position of t
mAmy2-5 and mAmy2-6 indicate the location of an additional 9036-bp reg
(396 bp) at both ends, and one LTR/MaLR (396 bp) is inserted in the other92% identity, respectively. In contrast, the retrotransposons
among the coding regions (ﬁrst exon to ﬁnal exon) shared
14% identity (Fig. 3) on average. The substantial identity
among the retrotransposons in these segments suggests that
unequal crossovers among these elements may have caused
segmental ampliﬁcation during meiosis.
In addition, mAmy2-1 (Supplementary data 1) is located 5 0
to and somewhat distant from mAmy2–mAmy6. mAmy2-1
has 10 exons, which correspond to those of the other ﬁve mA-
my2s. The nucleic acid identity between mAmy2-1 and the
other mAmy2s is 98.0%, but mAmy2-1 does not encode an in-
tact ORF because of mutations in its splicing acceptor (exon 9
AG > TT) and donor sites (exon 8 GT > AA). Moreover, at
present, no mRNA for mAmy2-1 is stored in databanks
(NCBI/EMBL/DDBJ), suggesting it is a pseudogene or minor
transcript.
We also found mAmy2-like sequences (Supplementary data
1P) in the region between mAmy1 and mAmy2 (chr3:
113310315–113334736). The nucleic acid position of this se-
quence partially corresponds to 1–1517 of mAmy2 (1527 bp),
but its sequence is truncated in the middle of the amylase gene
exons. The total length that is comparable to mAmy2 is only
937 bp, and it has no intact ORF; thus, this sequence is also
a pseudogene.
3.4. The pseudogenes of rat amylase
Using the UCSC genome browser available on the rat Nov
2004 assembly, we investigated sequences that were homolo-
gous to rat amylase and its surrounding region. This search re-
vealed the six sequences homologous to rAmy2 (Fig. 5A–F;
Supplementary data A–F). F has high similarity with the rA-
my2s (rAmy2-1 and rAmy2-2) in length (1534 bp) and se-
quence (97.4%), but the splicing donor of exon 8 and
acceptor of exon 9 were mutated. Five sequences, A, B, C,
D, and E, partially correspond to rAmy2. The nucleic acid
positions 1–1208 (A), 1–992 (B), 1093–1527 (C), 167–489
(D), and 1093–1527 (E) correspond to the nucleic acid posi-
tions of rAmy2 (1–1527). The nucleic acid identities between
each of these ﬁve sequences (from A to E) and rAmy2s are
96.3%, 93.3%, 93.6%, 89.2%, and 93.6%. However, the total
lengths of A and B starting from ATG are 1171 bp and   II   I     I I        I I 
      II                  I 
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Fig. 4. Phylogenetic tree of the six genomic (ATG start to TAA stop codon, including internal introns) sequences of mouse amylase. The
phylogenetic tree was created using nucleic acid sequences. The respective genomic sequences of mAmy2-2–mAmy2-6 and of mAmy1 are located on
chr3 as follows: 133377267–133386738, 133409934–133419350, 113442540–113451953, 113475146–113484559,113515321–113524277, 113547988–
113562016. The numbers on the labeled branches are percentages calculated from 1000 bootstrap replicates. The scale bar equals a distance of 0.02.
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Fig. 5. Schematic representation of the rat amylase genes (rAmy1 and rAmy2) and pseudogenes (A–F). Exons are shown as vertical bars. Arrows
over the exons indicate their orientations. The top horizontal line indicates the scale bar (kb). rAmy1, rAmy2-1, and rAmy2-2 are located,
respectively, on chr2 as follows: 209511475–209526286, 209432060–209444833, and 209469998–209481193. The respective nucleic acid positions of A
to F are found on chr2 as follows: 209254463–209441169, 209250014–209296645, 209337270–209472833, 209259281–209352399, 209399892–
209474802, and 209288197–209410174. The boxed exons of rAmy2-1 and 2-2 are used for the J00703 transcript. Except for these two boxes (10
exons), there are no overlapping exons among the two genes and six pseudogenes.
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190 bp, 323 bp, and 435 bp, respectively, and they contain no
complete ORFs. Moreover, the splicing donor sequences of
A (exon 5), C (exon 1), and D (exon 1) and the splicing accep-
tor sequence of C (exon 1) were mutated. Thus, the six-rAmy2
homologous sequences (A–F) appear to be pseudogenes.
Six rAmy2s’ pseudogenes (A–F) share more identity with
mAmy2 (86.4–93.6%) than with mAmy1 (77.7–90.8%). Thus
the six rAmy2 pseudogenes are basically orthologous to
mAmy2. These similarities between rAmy2 pseudogenes and
mAmy2s present the following interpretations of evolutionary
path of rodent amylase genes. Before the split of the mouse
and rat species, amylase gene was already duplicated to
Amy1 and Amy2 and diversiﬁed with each other. After the
species split, ampliﬁcation of Amy2 has been independent in
two rodents. The rAmy2 ampliﬁed at the earlier time than that
of mouse. Thus, the rat Amy2s would have undergone a series
of chromosomal accidents (unequal sister chromatid exchange,
gene conversion, etc.) and most of rAmy2 become pseudogenes
whereas the mouse Amy2 would have ampliﬁed very recently
and retained ﬁve functional mAmy2s. Thus, despite the long-
time evolution, the pseudogenes of six rAmy2s are orthologous
to mAmy2s because of the same origin of Amy2s of both spe-cies. In contrast, two rAmy2 gene sequences, rAmy2-1 and
rAmy2-2 (Supplementary data r21 and r22), have complete
ORFs that start from ATG and stop with TAA. The nucleic
acid identity between the two Amy2s is 99.4%. The phyloge-
netic tree (Fig. 2) revealed that these genes share remarkable
similarity. Interestingly, the transcript of J00703, which was
initially identiﬁed as rAmy2 in the GenBank, uses ﬁve 5 0 exons
from rAmy2-1 and ﬁve 3 0 exons from rAmy2-2, respectively.
As in the case of the mouse Amy2 genomic region, the genomic
region including rat Amy2 and the Amy2-related sequences
(from A to F) (ch2: 209254463–209296646) is occupied by
repetitive elements (51.91%), especially LINEs (43.6%). How-
ever, there is no systematic segmental duplication like that seen
in the mouse (Fig. 3). This suggests that the changes in the
rAmy2 genes arose through more complex ampliﬁcation events
or more frequent recombination than did those of the mouse.4. Discussion
The mouse genome contains one mAmy1 and ﬁve mAmy2
genes on chromosome 3. Five of the mAmy2 gene segments
show remarkable similarities with each other, strongly indicat-
H. Sugino / FEBS Letters 581 (2007) 355–360 359ing the recent evolutionary ampliﬁcation of mAmy2. A previ-
ous study [45] using the UCSC assembly of August 2005, re-
ported six mAmy2 genes. Here, we used the latest UCSC
assembly (July 2006), which revealed the ﬁve mAmy2 genes
and one pseudogene (mAmy2-1), which bears a striking simi-
larity to the mAmys. Thus, the six mAmy2s proposed previ-
ously probably included one pseudogene (mAmy2-1). Here,
we also found six pseudogenes, two intact rAmy2 genes, and
one rAmy1 gene in the rat. The rat was previously reported
to have seven amylase genes [48]. The authors isolated 39 geno-
mic DNA fragments from a Charon 4A library, and seven of
the 39 genomic fragments contained complete or major por-
tions of the amylase genes. The rat amylases and amylase-like
sequences span over 270 kb (209254463–209481209). The
Charon 4A phage clones contained only 15–20 kb. Moreover,
the previous study determined the amylase genes from cloned
phage genomic DNA using only the restriction map and
Southern blot analysis, without sequence analysis. Thus, the
seven clones isolated in the previous study were derived from
the six pseudogenes, two rAmy2 genes, and rAmy1.
In this report, we revealed that the mouse has ﬁve Amy2
genes and one Amy1 gene, the rat has two Amy2 and one
Amy1 gene, and at least six pseudo rAmy2 genes in the region
adjacent to the rAmy2 gene. These ﬁndings suggest that the
Amy2 gene tended to increase in number in rodent evolution.
Why does the Amy2 gene tend to amplify in the rodent gen-
omes, especially in the mouse? We suggest two hypotheses.
First, the ampliﬁcation of Amy2 genes in the mouse was essen-
tial for the animal’s survival and adjustment in heterogeneous
environments. Second, there is no advantage to Amy2-speciﬁc
ampliﬁcation in the mouse genome, and the Amy2 gene was
accidentally ampliﬁed by its genomic sequence speciﬁcity. In
the mouse and rat, Amy1 and Amy2 are expressed in the same
tissues (primarily in the pancreas), and have the same biochem-
ical properties. Moreover, some normal human individuals
have haplotypes with various numbers of salivary amylase
genes [49–52]. Most human haplotypes have two Amy2 and
three Amy1 genes in the genome [41]. However, individual var-
iation ranges from the shortest haplotype, with two Amy2
genes and one Amy1 gene, spanning about 100 kb, to the lon-
gest, with two Amy2 and seven Amy1 genes, spanning approx-
imately 300 kb [49]. These heterogeneous haplotypes are
thought to be simply the result of unequal homologous cross-
over events in meiosis [50,51]. These facts strongly indicate
that the Amy2-speciﬁc ampliﬁcation in mouse is the result of
accidental events.
As mentioned above, some mammalian genes evolved rela-
tively recently through the ‘‘birth-and-death’’ model of evolu-
tion. This model proposes that genes are repeatedly created
through duplication, and the sequences of some genes become
ﬁxed while others are rendered nonfunctional by deleterious
mutations. At ﬁrst glance, the rodent Amy genes ﬁt this model,
but in the rat, six pseudogenes were not systematically ampli-
ﬁed. The locations of the six pseudogenes and two rAmy2
genes are convoluted in relation to each other (Fig. 3). For
example, the ﬁrst three exons of A are located in the fourth
intron of rAmy2-1. The ﬁrst exon of C and the ﬁrst and second
exons of E are located in the seventh introns of rAmy2-2. In
the mouse, we found a pseudo-gene that was truncated in
the middle portion of its exons. Moreover, the segment of
mAmy2-6 has a 9036-bp insertional sequence, and its
5 0-untranslated region is truncated compared with the otherfour segments (mAmy2–mAmy5). These genomic structures
strongly suggest that the evolution of the rodent amylase gene
families was not exclusively due to a birth-and-death process,
gene conversion, or unequal crossing over, but to a combina-
tion of these processes.
In this report, we analyzed the mouse and rat amylase gene
loci in detail. Our ﬁndings revealed that Amy2 tends to get
ampliﬁed in both animals, and the sequences of some of the
ampliﬁed genes are ﬁxed, while others become pseudogenes.
Finally, the genomic DNA source of the mouse and rat UCSC
databases we used was C57BL/6 and Brown Norway, respec-
tively. Amy2 is known to vary in copy number among inbred
strains of mice [53]. Thus, sequence analysis of the amylase
gene from other mouse and rat strains may clarify the mecha-
nism for amylase gene ampliﬁcation in rodents.
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